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RECENT APPLICATIONS OF 13C NMR SPECTROSCOPY TO BIOLOGICAL SYSTEMS

N. A. Matwiyoff

Los Alamos National Laboratory, University of California

Los Alamos, New Mexico 87545 (U.S.A. )

Abstract

Carbon-13 nuclear magnetic resonance (nmr) spectroscopy, in conjunction

with carbon-13 labeling, is a powerful new analytical technique for the study

of metabolic pathways and structural components in intact nrganelles, cells,

and tissues, The technique can provide, rapidly and non-destructively, unique

information about: the architecture and dynamics of structural components; the

nature of the intriiccllular environment; and metabolic pathways and relative

fluxes of individual carbon atoms. Nith the aid of results rcccntly obtain~:cl

by us and those reported by a number of other laboratories, the problems and

potcntidl itics of the technique will be reviewed with mphdsis on: tlm

viscosities of intracellular fluids; the structure and dynamics of the cmlpo-

n(!llLs of mcmbr~fl[!s;dnd the primary and s~conclary mctaholic pdthwll.ysof ciirhnn

in microorganisnls, plnntst and manmmliar~ c1!lls in culture,



“R[CENT APPLICATIONS OF 13C NMR SPECTROSCOPY

TO

BIOLOGICAL SYSTEMS”

INTRODUCTION

Carbon-13 nuclear magnetic resonance (nmr) spectroscopy, in conjunction

with carbnn-13 labeling, has become an important analytical technique for the

study of biological systems and biologically Important molecules. The growing

list of its well established applications to isolated molecules in solution

includes the investigation of: metabolic pathways; the mlcroenvlronments of

ligands bound to proteins; the architecture and dynamics of macromolecules;

the structures of coenzymcs and other natural products; and the mechanisms

of rcactionsm Recently interest has been reawakened in the use of the tcchnicue

for the study of metabolic pathways and structural components in intact

organclles, cells, and tissues. The promise and problems in the use of
13C

13
nmr spectroscopy and C labeling In such Investigations can be illustrated

hy the results of some early work on suspensions of the yeast, Candlda utilis———.— —------

(1,2),

Iicproduccclin Fig. 1 Is a set of
13

C nmr spectra of a thick suspension
(1) T}lc~e5pcctriiof C: II_tJilj_s.CC1lS to which [1-’3C] glucose had been added.

shw th,lt,dcspfte the high viscosity and hctcrogcnicty of the ~’:~pcnsion, the
13

rolaxdtion times of C dre fnvc)rlnblcenough to allow the tim~ course to hc

traced for tho iln~erohlc IIlctahnlis;Iof thcl; and,, ~nnnlcr~ of qlIIcn:ic (o) to

the und product cthdnol (m). In drlditlon, ttm spcctt-n rcvoalud thdt an intcr-

mcdidtc mutdhl ito, ldtcr idnntificd ns trchnlosc (3), S1OW1.Y accunml(ltos dnd

CV(?ntlldl1] i$ Coll!llllllf?d. TIIClJ ‘[.:,pcctrum of the o:,mukicnlly shnckcd c utlli~.....
C(P1lL t,hrvnrclv~sfil:owIlitl Ffq ?1) 1:;illso(Ifr(!miltqktihlyhl~h rcsolut.ion, lllloW-

ill!jttl(!II!;%;(Jlllll(}lltOf ttl(’lllilJIJt’r(’!iOllilflC(!5 h) thr. rillty dcifl dfl(l Ctloliflr! r(?siduufi

of t.hc Iilliflhin the C(P11 mclulwllnc:;dnd t.hnglyro:iidc rcsi(!uus of the CC1l

w(,ll (I)m l,l~(!r1:)C rclllxlltion !:iInP shIdi PL (?) u f thu InmlN”11nU5 rcvmlod d

gr,lllinntof” incr(!,IzPdmobility IIVNII1111’qlyc(prol ilil(tkt)otl(?()( t.h(?llpi(l!;Low,lrd

t.huturmlttdI tnuthyl qH)ulI:;or t.hu [11tl,y d~:ids ,Ind I.IIcchol Inc hPIId qrnup’i, Ilnd

furl.hur thllt prolt’in-llpi(litll.[!l’ll(:tll[)fl’;m,lkv,1IIVIjliqiIIIP contri lIIIt;,II1t.o tho

InollilIt,yqr.ldll!nt.
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Despite the promise of the technique as revealed by these and other

early studies, relatively little work on intact systems wak done In the period

following. This was due no doubt to a combination of circumstances including:

(a) lack of suitably sensitive instrumentation in many laboratories; (b) the

scarcity and expense of appropriate 13C labeled precursors; (c) the limited

access of nmr spectroscopists to biochemists and microbiologists who could

provide guidance on the selective labeling of the extremely complex cells and

tissues (vide infra); and (d) nmr spectroscopists with the appropriate instru-

mentation were directing their attention to developing a data base for the study

of biologically interesting macromolecules. As noted earlier, this situation

has begun to change and, in the following discussion, wc review briefly recent

progress in this rapidly growing field.

METABOLIC PATHlfAYS

Spurred mainly by the ‘increased availability of sensitive high f’lcld
13

C mnr

spectrometers, the study of metabolic pathways in intact cells has increased

dramatically in recent years. Illustrative examples of this work are summarized

in Table 1. For the purposes of examining some of the detailed information

obta

been

higti

nablc in such studies, wc will first explore some recent work
(13)

WfJ have

doing with Microbacttirium ammoniaphilum and then dircuss the significant—-.—— -----.—.

ights of the work summarized in Table I.

Our work with Mlcrobacterlum mmnoninyhilum had its origins in the continuing---—.-. -—.-—
program at the Los Alamos Pational Laboratory on Lhe usc of microorganisms for the

l~rgc scale synthesis of natural products, uniformly or spccifica; ly l~bclcd

with c~rhon-13. The focus of this research work at present is on thorc L-,uniIlo

acids for which ef”;cicnt orgdnic synthesis methods are not now ilvail~blc nnd

for which there is a need in human mctnholic nnd IIUtritiOllillstudios Jncl in

t.hc’invoctiqdtion of the structure iInd dynflmics of enzynm~ cnvichcd with liIbclcd

mnino acid:,, M nllllllorll~ptlillllllwaz on~ of the microorg,lniznlsscls:tcd for enrl.y.-...........— .-....-..

~tudy IICC,IUSCit producns glutnmic ~cid in cl 35-40:”,yield fmn !jlucosr IIINIwill

dl$n u:;c tlcct,lt(?as n sul)5t.r,itcfor qlllt.dlllil~[?production (14), In nddit,ion

to optimizing th{? incori)ortation of the
13

C ldlwl from qlucosn or ncnl.nto inl,o

qllltillllllt(!,IImdttur of Practicill conccrc tO US for SOIIIC Illil!i$ spnrtromctric illld

Illllr’studies i:;the dcgr(~e to which the lilhrl I)CCOII1(!S ralldomizml ill ~llltilllldt,C

dl.t[! to ttl(! flll)( of ~11.t(:[)!i[! dfld i]C(!tdt(? m(!t~lholit(!$ thrnuqh v,lr!ous pools.

Ttw nhlJor mct~holic p,I1.hw,lysfor glIJco:;o ‘111(1Ilc(!t(lt(?ll?lldlnqto !]lut.lmltc

IIrIIIIIICLi011 III f.h1‘;microorq,lni !im ,Irc SIIIIIIII,IIiZ(U1 iII rig. 3, As notrv! in tho
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figure caption, the flow of [1-13C] glucose metabolftes to,n -ketoglutarate

and glutamate through part of the TCA or GS cycles wtll result In specifically

labeled products but that those formed from intermediates experiencing one or

more turns of these cycles will nave a more random and complex distribution of

the 13C label. Sunznarized in Fig. 4 is the time dependence of the
13C spectra

13
of a suspension of M. ammoniaphilum containing [1- C] glucose and near the—
stationary phase of growth. Since the production of glutamate in large quantities

by this microorganism does not begin until that stage is attained (14), the

initial growth was accomplished with natural abundance glucose to minimize loss

of the 13C label. In addition to the expected resonances from 13C enriched

bicarbonate, glutamate, succinate, and lactate, the spectra in Fig. 4 exhibit

prominent peaks from two unusual 13C labeled products which are eventually

cunsumcd, trehalose and glucosylaminc. The accumulation of trchal~se, which

presumably functions as a storage carbohydrate. has been ohccrved previously by
13C

NMR in growing yeast (1,3) and differentiating amoeba culture~ (l!i). To our

knowledge, glucosylamine formation in cell culture has not been observed and, at

present, we do not know whether its synthesis is under enzyme control and what

role it pluys in the control of glucose or Iitrogen metabolism. rhc formation

of lactate and succinate by M anurnni~hilum depends on the oxygerl tension which,.... ....... ----.-
for the cultures dppropriatc to Fig. 4, fell sharply in the later stages of

glucose consumption. As illustr~tcd in Fig. 5, the lact~te and %uccinl~tc lCVCIS

of fully aerated cultures arc shorply rcducmi.

Thp C-2, C-3, and C-4 glutam,ltc resonances iIlFigs, 4 nnd 5 arc prcdomin,ltcly.-
sinqlct~ Sllg!lostingthilt either: (,1) Thorr~ is iIlow Incorporntinn nf 13C

rcnultlnq in a zmdll prohahility of tloiqhhoring 13C-13C ,,1,~13C.13CJIC
19

occ(illiiti(]tl~ host! rci]l,lrintcrilction~ would result in l’)Cmul tiplc t:;; or

(l)) Thn ‘3C incorpormt.ion is hiqh nrld results from t.hosehiosynthotic pilttlWdyS

di’;cuu’;(!dPilrli(?r, Which Introducu thn 1111101ioto Spucific %itlu$Wit.h‘1Illillilllllm

of rndomiplll.ion. Thr proton SI)PCIrum r(!produc(!d 1n I“i q. 6 111’llloll.;I,ril 1.(?S (: I {?dl’ly

thllt.thu llltturohoico in thn (:f)rructon(?. ItMI(?(ul, t.hul};ot[)n NMR

LII,It ttl(!
13

c Ilolllll, ltlon” ill. C-4 of qlutcmlo (:111’”:) ,lpprollchc’ithdt I

[I()!i’,llll(! (fi!j ) If i.111 tt](’ ([3-” JC (45 dt.olll ‘“’i)]) l)yt”llVd t.~ rCSUl tIll!j
[+1”~ ,C(.10d[.(),,1““’.)](/1,,c(,~;f! 111(’ tlll)oliwl W(!t’f’ Ill[:l)t’l)ot”lltlo(l 1111.(1 (’-4 v

dlltllzllfyy!st

Imorrf.icdlly

from

il the fll-St hir~l

of f,hl?Krulr;cyclv (’;cocdption’;, tlq, 3), fly(:011111IIIiII!If.hu proton dnfl cdrl!on- i 3
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this analysis is that the simultaneous occupation of
13

C at C-2 and C-3 and

C-3 and C-4 of glutanate is only possible via multiple turns of the Krebs or

glyoxylate cycles. The lack of pronounced multiplrts in the ‘3C spectra

of labeled glutamate rule out the single or multiple turns iispredominant

events in the processing of glucose metabolizes by the cells. Thi~ point, which

is emphasized further in Fig. 8, should serve as a caution to those who seek to

extract labeling probabilities solely from L comparison of multiplet to singlet
13

intcns;ties in C NMR spectra-- as we have observed previously (5), the technique

generally will work only if the labeling of the carbon atoms giving rise to the - .

multiplet (s) is random. A speci?l case is illustrated in Fig. 9

The studies summarized in Table I address a number of interesting and

importont questions in metabolism but space will allow only a brief discussion

of a fcw illustrative examples. In the study of ileslaurier et al (12) on t$e

degradation of
13

C lahelcd enkephalin and enkephalinamide by neuroblastoma X

glioma hybrids, the intent was to analyze the conformation of those ncuro~ctive

pcptidcs when bound to the opiiite receptors of the CC1lS. Instead, and despite

reports of successful studies of the binding of cukephal ins to ncuroblastoma X

glioma cells using other techniques, the 13C NMR studies of [3[2-’3C] glycinc]

nletl]iorlil:c--cllkc~]l~~linalllidcshowed unequivocally thnt the pcptidc is extensively

:icgr~dnd and the authors concluded that.
13

C NMR rtudics nf opioid peptide-rcccptor

intcr,lction~ wi~l require the usc c)fmctabolic,llly stnhlc anilloqs, Tnc study of

Oqino ct ,11 (10) on the mctahnlic rcgulat.ionr and pyruViltC trdnsport in andcrohic.....--
I:fl-Coli Cr!llz i; of spccidl intcrost bcctlugc only the Signill S of mrtdl)ol”it. cs-----

which had diffused through the CC1l mcmimnc and ~ccumulatmi in the!nlcdim were

ol]rf’rvmi,thur dllowinq thn cvd!udt~on of the effect of pnrturh,ltinns to the

cell nfl t,hc!influx ,Indegr[?$!iof pyruvatu Itlonc of tho nxtnnrivc s~rics of

‘,tudlothy !)hIIIIII,IIl,lIldco-work~r$ (6, 7, 9), dn inl.,jctIIIou!;o liv(?r filling thn

rd(lio h(!qm!ncy c(;il rpac~?of ,lrlnmr ~pnctronluf,rrs wllrlpcrfu$cd with nut,rionts

‘:!C.],Ildninr ,ind [?-
17vont(linI111,11,3- C] nthanol ill){l 1,1111Limp Co[ll’:ic r)f thp

(Ilff!(: [,5 or Pl,h,IIIol IIfI t,h[! IIII:t,:lI(Il IC;III or th(? Ijlu(:(Ifj(III II: dlninf) dci(l w[?ru rif,udi(!(l

ill (l(!Lilll s 1:1(. 111(1ill!) I,;l(! (! f’r(?(:t, 011 t.h(~ fll)w of thf~ I ,Ilwl into v,iriuli’; n~ctdlmlit(!:; or:

IIIito[; hondrilli ,IIII!(:,yf.oI,f\lic I“um[lr,l!;(!,Ictivif.y, (Ji~(!lMt.ioll01’ t.ho p(!nto!icCyclll; iIll(i

I.IIu ,Irf,ivil.i[”;of ~ji IIllInIinII :;ynttll!l.ll~(! dml pyruvlili~ (:dI’i)oxyid~;I\. (;0119 ill(!r ire-j Ltlr!

ul.ilif.y 01 1110 ‘, i H(I iv!; (ii ‘,(:II I;sIIII illlov(~ iitid !;lllnllhlr i Z(’(i {11 Tdi)l 1! I , WC OXi)(!(:t f,hdt

.,llIIiiII’, ~)i liI[’ m~!i,ii)oli~; lll 01 I ‘1
(t llllmlt!(ituiwlr,ltoc;III CPII:;, LI’;!;II(!I; , ,Imi orqdn’;

I,y II
f: ;Ni{ I;II(I(. I IVII, I:I)py wi I 1 I:IIHI. inlif~ !,0 (Ix IMnd rlIpiflt.y, l,l~~kIn!ito ,I(l[iit i[)llil1
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areas of application of the technique In the future, we felt

promising one is in th~ area of biochemical genetic analysis.-

that a particularly

of mutant nammalian

cells by lJC tracing experiments to establish th~ precise site(s) of the

biochemical block(s) where 13C intermediate(s)accumulate in mutants produced by

radiation and environmental chemicals.

STRUCTURAL COMPONENTS OF INTACT CELLS AND TISSUES

The 13C spectrum of the c. utilis membranes reproduced in Fig. 2b allows— ——
one to extract only the average chemical shift and relaxation data for a system

which Is markedly heterogeneous. Studies of more general utility must make use

of sclcctcd biosynthetic pathways to label specific sites or structural elements

for 13C nmr investigations on intact cells and tissues or on component reconstituted

macromolecular assemblages. Recently there has been an increasing amount of

work directed to that end, illustrative examples of which are sununarlzedIn Table 2.

In an early study (18), mice were kept on a histidine deficient diet supplcmcntcd

with [2-13C] hi~tidinc for a rcd blood cell life tlmc with iIconsequent specific
13C enrichment of the histidlne residues of the red blood CC1l hcmoglc)bin.

Subsequent 13C relaxation studies of the hemoglobin within the cell showed thilt

the vlsco~ity of thr intriiccllularfluld is similar to thnt of w(lt.cr,A slmil~r
13rc!.ultwas obtalncd in a rcltlterlstudy of frog muscle ll~h[!lcdwith C cnrlchcc!

glyclnc.

In dn cxtcnsiv[!series of studies, VilnIlunn(m,lndco-wnrkorz (i!fl) w[’roilhlc?

to hlghli l,lhclthe phosphatidylcholinc of rod l~loodCO1l, liver microsmnc

and wccr)plllsnllcrntlculurnmcmlmncs or rat.%fod ,1cholinr doficlont dlct supplo-

m~ntvd with [14P3-’3C] cholinn for ,:p~rind of nlqht dlIyr. 13c Ilnlr nfllrli I?5 (lf

Lhc mu%clo nlicrnromcs rcvralcd ,111n!;ynmtric rlirtrihutlm of phosphtltidylchrlino

l](*tk(!~’nt~If?Inner (60”) ,lndoIItcr (4[1 ) sli~fil~[psof thr mcmhr,lnus of [ho

sllrco~’lllwlicr[’titmulum. Thi~ ,lsynmctry Is [ll~pi’~it.(pto t.h,ltfo,lml for rrylhrncyl.u~

iii:dIII,IYIx!r(!liit~!dto t.lw?f,lr.1t.hiif. f.h{! fmnor i,r(! (!I140;J111wIII(: III(IIIllW,IIl(*% whn~;l!

out.1’r:lUrilICI!cnrrrzponds to thr iIIIIrrrurlllct!o r ;)1dmcl mrmlmnrr. Th,lt.<NW

group Ilfl%U’lI!drt!cofl%l.itutcllntl(:rrlill[)l[![:lllill.d’;rmlll,lgr’,to %Iufly 1.11[’llt!rml,lhilll.y

h,IrrlI!rIjin l,IrIj[!utlillun[!lldr,llyruphorlncnntdlnlnq VI!niClO:lof l:MP:l-‘:’C]
@IOC;@ItIl,{Ilylt:h(]lltln,lrIdhilv[!fOIIIIIl IIMI. th(~ h,lrt-i[!t~Inmporlias of ql,yt.t)l)ht~l.111

collLlirllnq hildyrr% of pho%phllt.ldylchr)lint!(:!111110I“P’;l.nrPdhy 10 Illnl .

i)tll)%l)lltlt lflyl[!t,tlQlt][)l,llnifln or l~!t[)llllo’illll,ltl llyl(Ill[)llllP,

A l“lniIlIllutl.r,ll.innnf thv hru,lIlr,lnqv,11111qrmt proml~i!of 1111’(’YIIIIIIIIIIPII !I;

lII!; IIIj I:onflm tIVl In tlll~ drl!d is thr !;tudy of III! Hit. ,11111ro-work[!r’;(;’;’)WIIO
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13enriched tobacco mosaic virus and its proteins to the 12 atom X C level using
13

C02 as the carbon source. In addition to developing some interesting conclusions

about the interaction between I’!NAand protein, these workers observed that the

double disks formed by the proteins in the absence of RNA contain mobile
13C

atoms at all sites within the disks which were formed in solutions of .?-.2 ionic

strengths. In contrast, X-Ray data for crystals of stacks of double disks obtained

from 0.8 ionic strength solutions indicnte that the motion of the carbon atoms

is highly restricted. Thus there are important structural differences between the

crystals studied by X-Ray and the disks formed in solution near the physiological

ionic strcnrjth, a conclusion strcngthcncd by the NMR observation that there is

an increasing degree of immobilization of the carbon atoms in the clouhlc disklikc

cligcmcrs as the ionic strength increases.
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TABLE I
,.

!LL:S:5:T:’.”E “3; :;lCLEA? :+A5:;ETICRESO:iAXCESTUDIES OF METABOLISM IN INTACT CELLS AND TISSUES

c,s:~-. 13C Labeled Substrate Observations Reference-

Soybean

=scherichia coli, Bacteriuz;
Saccharmyccs cerevisiae,

= Yeast

~.hod~~seado~:iasspheroid~s;
PrcsioniRacterium shemanii

Escnerichia cal!

13C!)*

[1-13C] Glucose and
r6-13Cl Glucose

[5-13C] AminoLevulinic

$
Acid ALA)
[11-1 C] ?orphobilfnogen
(P3G)

[2-13C] Glycerol, ~1,3-13C2]
Glycerol, and [3-1 C]
Alanine

Early Label Appears in Sugars and Lipids; 4a
At Later Stages Of Metabolism, Sugar Label
Is Shuttled Into Lipids.

Significant Dark Respiration Contributes 5a
To The C02 Pool Available For The Synthesis
Of Galactosyl Glycerol.

Different Rates for ‘~-And 0-Glucose 6,7
Translocation; Flux Of Carbon Through Most
Glycolysis IntermediatesTo End Products
Evaluated; ,,-and !?-Fructose Biphosphates
Are In Anomeric Equilibrium; in yeast, But
Not In Bacterium, Aldolose-Triose Phosphate
Isomerase Triangle Is Near Equilibrium.

Direct Demonstration Of Porphyrinogen
Intermediates In Porphyrin Biosynthesis.

8

Gluconeogenes~s From Alanine And Glycerol; .9a
Hyperthyroid Rat Cells Show An Increased
Activity Of Mitochondrial Glycerol Phosphate
Dehydroyenase Resulting in Enhanced
Gluconeogenesis.

Uptake And Efflux Of Pyruvate Affectedly 10
pH Of Medium And Hill Occur Against Osmotic
Gradient. Proton Conductive Uncouplers
IrihibitPyruvate Uptake.



TAGLE I (contd.)

Systen 13C Labeled Substrate Observations Reference

Eryt3rocytes [1-13C] Glucose Label Frun Glucose Incorporated Into 11
DiphosphogiycerateAnd Lactate.

?IeuroblastcmaX Glioma [3[2-13C]-Glycine[ Cells Oegrade EnkephalinamideTo A 12
Cells Hethionine-Enkephalinamide Mixture Of Peptides And Free Glycine.



TABLE II

ILL2S7=T:’9’E % ::’”.CLEAR W!XETIC RESC)\iA::CESTUDIES 9F 13C LABELED MACROMOLECULAR ASSEMBLAGES

Systerr 13C Labeled Precursor Observations Reference.- —. .—
:1- 13C] ?alniiticGcid

[11J3C] Oleic Acid
[Ye-13C] Ckolice

‘3fl ~istidine:2- z, .

i~+e-13C] Choline

[1-13C1 Glycine

12cq
-2

r13C] ?eptidesL

rve-13~3] ChnlineL

sulk Membrane Lipids Behave As If In Simple
Bilayer Structures.

lMotionsOf Lipids In Virion Envelope Are More
Restricted Than Those In Liposomes.

Intracellular Viscosity Experienced By Hemo-
globin Is only Slightly Higher Than That Of
Uater.

Dynamic Behavior Of Membrane Lipids
Similar To That In Model Membranes.

Asymmetric Distribution Equilibrium of
Lysophosphat+dyl Choline Between Inner And
!luterSarcoplasmic Reticulum Membranes Is
Established Rapidly.

Motion Of Glycine Provides No Evidence For
Special Organization Of IntracellularHater.

significant Rotational Motion Occurs For
Proteins Within TMV And In Protein Oligomers.

Gramicidin Channel In Phosphatidyl Choline
Vesicles Consists Of An ;/H2-TerminalTo
:lH2-TerminalDimer.

13C Line l{idthsOf Erthythrocyte Membrane
Lipids Are Typical For A Lamllar Arrange-
ment But For Endoplasmic Reticulum Membranes
Lipid Line.Widths Are Small and Characteristic
of Isotropic Phases.

16

17

18

19

20

1

21 ~

22

23

24



TA3LE II (conta.)

‘3P 13
=2:‘ ?rz~~c:s zf ...a=-- “,1 Tetra-L-~lanine...- C I.ne ‘didthsIndicate That Methyl Groups, 25
;ct~-zs;yfl~-g~a~ine~

+’ Gf The Tetrapeptide Are Free to Rotate In
-9--:f:Gc:e5 The Antibody-Hapten Complex hlithThe Peptide

Backbone Firmly Bound And In The Slow Exchange
Limit

‘3C~ Cholesterol;6-- Cholestero Relaxation Data Are Consistent
1Xfth A 10- 0 S Correlation Time For Axial

Rotation In The !esicle Hhile The Axial
2otation Of The Phospholipid Molecule Is
12-100 Times Slower

26
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Fig. 1.

Fig. 2.

Fig. 3.
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FIGURE CAPTIONS

Proton Noise Decoupled, Fourier Transform
.-

lJC NMR (25.2MiiiZ)Spectra
Obtaln~~ During Metabollsmof the S -and .,-Anomers-of [l’JC] Gluf~se (o)
to [2- C] Ethanol (u) with the Intermediate Formation of [1,1’- C]
Trehalose (A) by a Suspension of~utilis Cells; And Plots of the
Relative Intensities of the Labeled =e Ethanol, and Trehalose
Resonances as a Function of Time: a) 500 pulses, 3-7 min. after
initiation cf metabolism; b) 500 pulses, 12-16 min.; c) 15CJ0pulses,
28-42 min.; d) 1500 pulses, 56-70 min.; e) 1500 min., 83-99 min.
Spectra obtained during the initial time period exhibited only the
resonances (o) co~~espnnding to the C-1 of the R- and ,~-anomers of
the substrate [1- C] glucose. Spectra obtained in the time periods
(d) and (e) exhibited prominent resonances corresponding to C-1 of
trahalose (~) and C-2 of ethanol (w) togethe~3with natu’”alabundance
signals of glucose and C. utilis cells, and C enriched resonances

Due to the low sensitivity, these couldof transient intermcdiafis-
not he identified unequivocally.

Proton Noise Decoupled Fourier Transform 13C N14R(25.2 MHZ) Spectra
of c~$i~~ lJtilisCells Enriched to the 20 atom % Level with.——. .
[1,2- C (20 atom {)] Acdate: (a) Cells Suspended in D O, 995
pulses; ib) Zcllular components remaining after exhaustive extraction
with Dq(’l,lO,JOOpulses; and (c) Hater soluble components released
by the’osmotic shock of (b), 1082 pulses.

Major hict~bolicPglthwaysin M. annnnni~h~,~unlInvolving GIucofq.
Acetate, and Glutamate. Clu~~s~~%~eleci at C-1 producc?s[3- ‘CJ pyruvdtc
viiithe EinlJdrn-Mcycrhofpathway (EMP) and unla~~lcd pyruvate
via tilehcxosc monophosphatc shunt (liMS), [3- C] pyruvatc
cntcrsl!hc tr~carhoxylic iIcid(TCA~3anfiglynxylatc shunt (GS) cycles
,1s[3- C] oxdlodcet~~c iln[i/(lr[2- C] ?~etntc and can result in13
the formdtion of [2- C] qlutmnatc, [4- C] glutamni.o.an[i[2,4- C]
glutllnmi,cvid -k~t~~lut,ltsi~tc formn(iin 11tilirciof ,1turn nf the
TCA cycl(?. i%rmllLionof qlUtilllliltCiiftcr ono or morn turns or t.hr
TCA [:YCIUwill tmi LO r,ln(iomizctilelniMqlheciIuru of Lho formilti[)n
of Lhc symmtrlcnl ini.crmc(!il]tc:,succinnkc and fumarllt.c.1n
pflrticuldr.C-4 ,Inri(:-3W111 intorchilng[!In onr!turn, ilS will C-?
illl{iC-1. Simil,lrscr[lmhlinqwill occur thrnuqh tilt’i’iowof cit.rfitc
t.hrouqhthfp!IlyoxylatoCYCIU.

T i mu il(yl(!nti(:m~~ 01’ Thv Protnn ihwoupl l!ti i:nur i or Trtlnsi“orm1‘C NMi{
fiplv:l.rllm { ;!U , ? 1!’f~?~,,;[” A SllSWln inn

[)i’ M, ,lj~llj).’l.i~lj)}ljl!lpll 1II i 1 i d 11y
[:[)llt.d illiflq [i- ~ ., ‘ ‘“”l ‘“)] (illl(:l~’;[! : - “1’-1 hr., :ip(!ci.rmn oiIidin(!(i
Iiur i Ilq i.tl(! ()-? hr. m(!i,,Iiu)l i SIII pIIr infi; r W iw,, ~iurinq tho 7-flilr.
y$ri[lfi; dllfi7 ?Omt hr., Iiurinq 11](! l(~,!i-:)i !i jm-imim i.nri(.hmi

‘: ‘“’’f! yet’:,;;,,:::::
iitlo, -ion; (ii(:, I: (q7.1)jqun)- dn ~,1 ,(~”1.4 ppll)-c-l

of rl - , r (d.? PM), C-I Of ,1,1 -[,1,11- c,,] IwiIdloIi~!;
Gilt w (!ii,i]),;~4 (:!4.6),IIIli(:-”](:w..I) ttr II IUidIIIIIt P\ $, [:-;’,1 (“!!l, !)
1)1’ !illl’i: ifllli. v ; i. , C-l (;’io”l) Ill’ l,l[l,lt[’~ illlli [i/l, il (?!(;,?) illlli (}14,!)
[:-i 01 Ijili(.[)”iyi,llllilli’, iII t hl~ r i h’. dttfi N iNC, ,1ISw(.I~“llm[ h qi ll[’O’;[!
t- I rP:lIIIIdni:[15 ,lr[~ I rum:d i wi dmi 1iw n.I t IIr,I I ,Ilwnti,inr[l qi IICII’,P
rIII,t)IIIIIII I*O; ,Irv dpjldrwi ,
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Fig. 5.

Fig. 6.

Fig, 7,

Fig. 8,

Fig, 9.

Time Dependence Of The Proton Decoupled Fourier Transform 13C NMR
Spectra (25.2 MHz) Of The Supernat Of Fully Aerated M. ammonia~hilum
In Cultures Initially Grown On [l-~3C (9O atoms ,)1 Glucose. Samples

———

were withdrawn from the cultures and the cells removed by centrifugation
at the times indicated. See also the caption to Fig. 4.

Proton NMR Spectram (360 MH ) of [1,2,3,4-13C4] Glutamate Derived Frombj.
5ammoniaphilum Grown On [1-1 C(9O atom ‘“,)]Glucose. For each proton, the-—

center of the multiplet arises from 12C-H moieties with fine structure
caused by H-H s alar interactions. The doublets with simila- fine structure

?5
e due to the !3c-H ~Plittinq from moieties containing the 13C label. The
C populations calculated from the ratio of the doublet to the sinqlet

intensities are: C-2, 34(”,;C-4, 38”; and C-4, 14’’.’,.

Labeling Pathways For The Into oration Of
[!

13C Into C-2, C-3, And C-4 Of
L-Glutamate Derived From D-11- CJ Glucose. Al)reviations are: PEP,
pho hoenalpyruvate; OAA, oxaloacttite;

?3
and Inten, the fractional population

of C t the site designated.
$

The data are consistent also with studies
of [6-1 C] glucose. The results are averages, there h(?ing evidence of a
time dependence of the relative contributions.

Proton ~ecoupled 13
C NMR Spectrum (25,2 Wiz)4~f [1,2,3,4-13C41 Glutnmatc

Ferived From lj.,all]lllonia~l~il(llllCrown On 11-lJC(’30atotn ‘..——-_
spectrum illustrates th~;-o~---~andolil distribution of tho

]1
1~

the C-2, C-3, and c-4 sites. If the labt?lwere distributed
the 13C abundances dcriv[?d ft-ofuthe spcctrd in Fiq. 6 thnn,
the C-1 .arldC-2 sign~ls should consist of opi~roxim~t[’;:2:1

Glucose, The
lalml amonq
randomly with
for example,
multipl[’ts,

Proton [Iccouplrd 13C NMR (25,2 Mllz) Spuctrull Of [1,5-l:]C ] Glu+amatc
Obti] i IlcdFrom f4_.~!I~IIoyj-cIptljj,UIIIGrown On I1-13C(7(;Clbon,‘j IJo’;!.::. tr:::
coll~ w~r~ qrown on natur~l ilhundance qluco’;u for 24 hrs,
fcrr[!clto the mulium containing [1-13cI acetntu and cul~urod for on
odtlitionrll96 hrsm Onl,yC-1 and C-5 are l~h[’l(?d. ~rolu th(~millt.ipl(?t tu
sillglrt int,ensitios of C-4, th(?13C enricillwnt (ItC-!) i.,CillCUlilt.(ldto
11(?70 atolll“’. From the corr[~spotldifw; int,un:;iti(’sfor th(’C-2 /’(.’Sollill)C(’q
th(? 13C rnrictmwnt dt C-1 it CillCUl,lt[’(1 to IM!13!i ,It[ul],, Ililll[.iotlof
ttlul,IIJUi tIt t-? occur~ tl]tww)h(ifq(:,lt~l)oxyli]tion illOIW tu)qll01 th(I ICA
Cycl(!,
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POSSIBLE LABELHNG PATTERNS FOR C–2 C–3 AND c–4

OF L-GLUTAMATE DERIVED FROM D - [1 – 13C] GLUCOSE

Path way

Designation

x

u

Y

l-a~eling

pattern

* *

C2– C3– C4

Source of !_a&3elinQ

PEP - OAA - Glutamate
Via 1st third of Krebs Cycle

* *

Pathway

%

60%

C2– C3– C4
Single turn of the Krebs* * 30%

C2– C3– C4 or Glyoxalate cycle

z ;2–4-4 Multiple turns of the Krebs 1o%
or Glyoxalate cycle

C–2 Intensity = n (X + y/2 + z)

C–3 Intensity = a (Y/2 + ~)

C–4 Intensity = a (x + Y + z)

Normalize x+y+~’1

LOS ALAMOS NATION AI- LABOFIATORY
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